Abstract Differences in gene expression between cases and controls have been identified for a number of human diseases. However, the underlying mechanisms of transcriptional regulation remain largely unknown. Beyond comparisons of absolute or relative expression levels, disease states may be associated with alterations in the observed correlational patterns among sets of genes. Here we use partial correlation networks aiming to compare the transcriptional co-regulation for 222 genes that are differentially expressed in decidual tissues between preeclampsia (PE) cases and non-PE controls. Partial correlation coefficients (PCCs) have been calculated in cases (N = 37) and controls (N = 58) separately. For all PCCs, we tested if they were significant non-zero in the cases and controls separately. In addition, to examine if a given PCC is different between the cases and controls, we tested if the difference between two PCCs were significant non-zero. In the group with PE cases, only five PCCs were significant (FDR p value B 0.05), of which none were significantly different from the PCCs in the controls. However, in the controls we identified a total of 56 statistically significant PCCs (FDR p value B 0.05), of which 31 were also significantly different (FDR p value B 0.05) from the PCCs in the PE cases. The identified partial correlation networks included genes that are potentially relevant for developing PE, including both known susceptibility genes (EGFL7, HES1) and novel candidate genes (CFH, NADSYN1, DBP, FIGLA). Our results might suggest that disturbed interactions, or higher order relationships between these genes play an important role in developing the disease.
Introduction
Preeclampsia (PE), with more than four million incidences and 50,000 deaths per year, is a leading cause of maternal and perinatal mortality in the world (Lain and Roberts 2002; Roberts et al. 2003) . PE is a pregnancy-specific disorder, diagnosed by new onset of hypertension and proteinuria in the latter half of pregnancy (Roberts and Gammill 2005; Roberts et al. 2003; Witlin and Sibai 1997) . There is neither a reliable predictive test, nor effective treatment for PE available, except delivery of the child and placenta. Consequently, PE accounts for approximately 20% of all preterm births (Goldenberg and Rouse 1998) .
PE is a common complex disease that involves the contribution of multiple genetic and environmental components and their interactions and the heritability has been estimated to 0.54 (Salonen Ros et al. 2000) . One potential source of such genetic effects may involve the regulation of gene expression that may play a major role in the development of this disorder. Transcriptional profiling has recently been shown to be a powerful method to identify genetic variants influencing human traits (Goring et al. 2007 ). Many genes have also been shown to be differentially expressed in the placental or decidual tissue between women with PE and women with normal pregnancies (Enquobahrie et al. 2008; Winn et al. 2009) .
Despite the many genes that have been suggested to be differentially expressed between groups of individuals, little is known about the underlying transcriptional regulation of these genes. Studies of differential expression focus specifically on differences in mean levels (either absolute or relative). However, the relationship between transcripts (as measured by covariances or correlations) may also be altered in disease states. These higher order effects on correlations may reflect alterations in network coherence that is important for understanding the biological nature of pathological mechanisms.
Correlation between levels in genome-wide transcription data can be substantiated and illustrated by correlation networks. However, correlation networks only describe the correlation between the expression levels, without any information regarding causality. It is difficult to determine the primary dependencies among many transcripts, and the true interactions between genes are still poorly understood. One reason why these interactions are hard to identify is the overfitting problem generated by measuring a large number of transcripts in a small number of samples. However, for smaller sets of genes exhibiting altered transcription, it is possible to examine the complex interrelationships amongst genes more closely. One way to extract information on these interactions is to use partial correlation analysis. Correlation networks represent correlation coefficients that are calculated for pairs of transcripts, regardless of all other variables (transcripts). In contrast, partial correlation networks are represented by partial correlation coefficients that are calculated for pairs of transcripts when all other variables (transcripts) are taken into account. Consequently, partial correlations represent direct associations, whereas correlation analyses do not distinguish between indirect and direct associations. In addition, partial correlation analyses may allow identifying the direction of a partial correlation, which enables to distinguish between the response variables and the covariates. Partial correlation analysis is an appropriate method to use to detect relationship between genes in datasets when the number of variables (e.g. transcripts) is much larger than the sample size. The partial correlation approach has successfully been developed and applied to transcription data from yeast (de la Fuente et al. 2004; Han and Zhu 2008) , Arabidopsis thaliana (Ma et al. 2007; Opgen-Rhein and Strimmer 2007) , HeLa cells (Fujita et al. 2007) , and breast cancer tumors (Schafer and Strimmer 2005a) , but to our knowledge, it has not been used to study the difference in gene interactions between case and control groups of any human disease.
Recently, analyses of transcription data from placental or decidual tissue in PE case/control cohorts have identified a large number of genes to be differentially expressed (Enquobahrie et al. 2008; Løset et al. 2010; Winn et al. 2009) . In this study, we have examined the partial correlation structure of differentially expressed genes by comparing partial correlation networks between PE cases and controls, in order to identify PE-associated alterations in gene-gene interaction or co-regulation of genes.
Materials and methods

Study groups
The women were recruited at St. Olavs' University Hospital (Trondheim, Norway) and Haukeland University Hospital (Bergen, Norway) from 2002 to 2006. PE was defined as persistent hypertension (blood pressure of C140/ 90 mmHg) plus proteinuria (C0.3 g/day or C1? according to a dipstick test), developing after 20 weeks of pregnancy (Gifford et al. 2000) . Descriptive characteristics can be found in Table 1 and information about the study population has been published previously Løset et al. 2010) . Women with preeclamptic pregnancies (N = 37) had cesarean section performed for medical indications, and none of them were in labor prior to cesarean section. Exclusively healthy women with no history of PE were accepted in the control group (N = 58). Cesarean section was also carried out on everyone in the control group for reasons such as breech presentation, previous cephalopelvic disproportion in previous delivery or maternal choice. Controls with previous PE and/or fetal growth restriction were excluded. Multiple pregnancies, pregnancies with chromosomal aberrations, fetal and placental structural abnormalities, or suspected perinatal infections were excluded. Informed consent was obtained from all participants prior to collection of decidual samples and the study was approved by the Norwegian Regional Committee for Medical Research Ethics.
Sample preparation
Decidua basalis samples were obtained by vacuum suction of the placental bed and immediately incubated in RNAlater and stored at -80°C. RNA was isolated by Trizol extraction protocol and purified with an RNeasy Mini Kit using spin technology (Qiagen, Valencia, CA, USA). Ethical approval for total RNA processing and decidua expression analysis was obtained from the Institutional Review Board at The University of Texas Health Science Center in San Antonio. Illumina TotalPrep RNA Amplification Kit was used for synthesizing, amplifying, and purifying anti-sense RNA according to the manufacturer' instructions (Ambion, Austin, TX, USA). Specific information pertaining to the decidual sample collection, sample preparation and transcriptional profiling can be found at ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/; accession code E-TABM-682).
Transcriptional profiling
Transcriptional profiling were performed on 37 cases and 58 controls using Illumina's Human-6 v2 Expression BeadChip Ò (Illumina, San Diego, CA, USA) according to Illumina's standard protocols. For each sample, 48,095 transcripts were interrogated. Illumina's BeadStudio Gene Expression software module (version 3.2.7) was used to subtract background noise signals and generate an output file. In total, 26,504 transcripts were detected and used for statistical analysis. To make all transcription values comparable across individuals as well as across genes, these were normalized as described previously (Goring et al. 2007 ).
Statistical analyses
Out of the 26,504 transcripts detected, differentially expressed genes were identified using the stats library in R. A linear regression model (transcription level * PEstatus ? RIN, were RIN is the RNA integrity number) was fitted for each transcript using the lm() function. Summary statistics were computed for the fitted linear model using the summary.lm() function, where the p values were extracted based on t statistics. FDR (false discovery rate) were calculated using the fdrtool() function implemented in the fdrtool R library (Strimmer 2008) . For downstream statistical analyses only the differentially expressed genes (FDR p value B 0.05), between PE cases and controls, were included.
Partial correlation coefficients (PCCs) between all pairs of transcripts and the significance of the derived edges and directions were calculated for cases and controls separately, using a graphical Gaussian model for small sample estimation of partial correlation implemented in the GeneNet R package (version 1.2.0) (Opgen-Rhein and Strimmer 2007; Schafer and Strimmer 2005b) . For all pairs of transcripts, the difference between the PCCs in the cases and controls (PCC cases -PCC controls ) were calculated. To test if this difference were significantly non-zero, we used the same approach as for the PCCs (Schafer and Strimmer 2005a) , which is implemented in GeneNet. This approach, which can be used on small samples sizes with many covariates (transcripts), includes an estimation of the degree of freedom of the null distribution from the data and a subsequent estimation of p values and FDR p values (Hochberg and Benjamini 1990; Strimmer 2008) . In order to control for the many tests performed, an FDR of 0.05 was employed as the cut-off for statistical significance in all comparisons.
Results
In total, 222 transcripts were identified as being differentially expressed (FDR p value B 0.05) between PE cases and controls (Supplementary material Table S1 ). For these 222 transcripts, 24,531 (222 9 221/2) pairwise partial correlations were estimated between the transcription levels.
Partial correlations were estimated for the PE cases and controls separately and the number of non-zero partial correlations (unadjusted p value B 0.05) was 1,832 in the control and 1,549 in the case group. However, after adjusting for multiple testing, 56 of the partial correlations were significant non-zero (FDR p value B 0.05) in the control group, compared to five in the case group (Table 2 ). The 56 significant partial correlations in the controls represent 75 transcripts and can be divided into 19 non-overlapping networks (Fig. 1) . In contrast, the five partial correlations observed in the case group represent ten transcripts, and can be connected in a pairwise manner into five non-overlapping partial correlation networks (Fig. 2) .
None of the directions for the edges in the partial correlation networks were significant (FDR p value B 0.05) in cases or controls, but three of the directions of the edges were nominally significant (p B 0,05) in the controls (Fig. 1) . The overlapping set of significant partial correlations between PE cases and controls includes only two pairwise relationships: a positive partial correlation between TMEM140 and APOL3 and another positive partial correlation between two probes in SPCS2. We further statistically compared the difference between the PCCs between PE cases and controls. Among all PCCs, 115 were significantly different (FDR p value B 0.05) between cases and controls. However, only 31 of these PCCs were also significant (FDR p value B 0.05) in either cases or controls (Fig. 3) . Interestingly, all 31 of these transcript pairs exhibited significant partial correlations in the controls (Fig. 3) , whereas none of the partial correlations were significant in the cases. Thus, the disease state appears to be associated with a diminished correlation amongst this set of genes. The 31 partial correlations that were present in the controls were distributed over 16 unconnected gene-clusters (networks) including a total of 46 genes (Fig. 3) .
Discussion
While differentially expressed genes between case and control groups for different human diseases has been routinely identified, this is the first study to formally assess differences in the observed partial correlation patterns of mRNA levels or gene co-regulation using transcription data from PE disease cases and controls. Such interactions between genes are known to play an important role in the development of human diseases, and recently a number of gene-gene interactions have been identified as determinants of several different diseases, including prostate cancer (Cooper et al. 2008) , age-related macular degeneration , ischemic stroke (Szolnoki et al. 2009) , and Alzheimer's disease (Infante et al. 2010) .
In this study, we have identified partial correlations in gene expression that differ substantially between PE cases and controls. We identified 5 significant partial correlations in the case versus 56 in the control group. However, some partial correlations that are significant in one of the groups can be just below the threshold of significance in the other group. To examine if a given PCC is different between the groups, we tested if the difference between two PCCs were significantly non-zero. In total, we identified 31 partial correlations that were significant only in the control group and that were also statistically different from the case group. These observed partial correlations may reflect gene-gene interactions as well as co-regulation of the genes. However, it is interesting that we only identified partial correlations that were present in the controls but absent in the cases, not vice versa. This might reflect a general loss of regulation or genetic coherence resulting from the disease. Alternatively, and more interestingly, such a dysregulation may represent a causal factor that directly contributes to the development and risk of PE. However, since we are assessing the difference in gene expression after disease onset we cannot separate these two alternatives, and prospective studies are needed. While some of the partial correlations that we have identified occurred between genes that have relatively unknown functions, others that have functions known to be relevant for the development of PE will be discussed briefly below. One interesting partial correlation is between CFH (complement factor H) and NADSYN1 (nicotinamide adenine dinucleotide synthetase1). CFH is known to be a regulator of the alternative pathway of the complement system, which plays an important role in the innate immunity against microbial infection. CFH has also been suggested to be crucial to the inflammatory response and atherosclerosis (Oksjoki et al. 2003) . Generalized inflammatory reaction, including the complement system is central in PE pathogenesis (Redman and Sargent 2003) . However, a polymorphism in CFH (Y402H) that has been shown to be a major risk factor for age-related macular degeneration in several populations (Edwards et al. 2005 ; , was not associated with PE in a previous study (Kaare et al. 2008) . SNPs in the NADSYN1 gene have been associated with the circulating level of vitamin D (Ahn et al. 2010) and vitamin D deficiency has been shown to increase the risk of PE (Bodnar et al. 2007) . Circulating D vitamin levels has even been suggested to explain the link between PE and cardiovascular diseases (Grant 2010) .
A positive partial correlation was also found between FIGLA (folliculogenesis specific basic helix-loop-helix) and DBP [D site of albumin promoter (albumin D-box) binding protein]. FIGLA is required for normal folliculogenesis and mutations in the gene have been associated with premature ovarian failure (Zhao et al. 2008) . FIGLA is known to be a transcription factor that regulates other oocyte-specific genes (Bayne et al. 2004; Huntriss et al. 2002; Liang et al. 1997) . DBP is also a transcription factor whose expression has been shown to be induced by both estrogen and testosterone (Eyster et al. 2007) . DBP is known to regulate the expression levels of factor IX (Boccia et al. 1996) , which is an essential vitamin K-dependent serine protease that participates in the intrinsic pathway of coagulation. Even though none of these genes have any direct correlation to the characteristics of PE, the function of FIGLA in folliculogenesis and the fact that DBP is hormone induced still makes them interesting empirical candidate genes in relation to a pregnancy-specific disease such as PE.
The partial correlations described above are between genes with known functions that can to some extent be related to the development of PE. Most of the cluster of partial correlations, however, includes none or only one gene with a function that can be linked to PE. EGFL7 (Epidermal growth factor-like domain 7) has been suggested to protect endothelial cells from hyperoxia-induced cell death, which is a possible link between EFGL7 and PE. However, for the other genes in the same cluster as EFGL7 (Fig. 3) , we cannot find any function related to PE. Similarly, HES1 is part of the Notch signaling pathway, which has been suggested to be an important factor in the development to PE (Cobellis et al. 2007 ).
One of the major goals using partial correlation analyses is to elucidate if the transcription level between genes are directly correlated or whether they are mediated by an additional gene or other factor. Unfortunately, we were not able to assess the directions of the partial correlations in our study and consequently we cannot determine if one gene in a network directly influences the transcription level of another. Each significant PCC only indicate that there is a direct correlation between the transcription levels of two genes. This correlation might be due to the fact one gene regulates the expression of the other, or due to co-regulation of these genes. However, we are not able to determine whether this co-regulator is an environmental factor such as disease status, or if it is another gene that has not been targeted in our study. It is also known that gene-gene interactions might influence disease status and the PCCs identified might as well represent gene-gene interactions that are important to promote the development of PE. One limitation in our study is the fact that the PE cases and controls are not matched regarding gestational age (Table 1) . It has been reported that the expression level changes dramatically for some genes between mid gestation and term (Winn et al. 2007 ). While cesarean section were performed earlier in our PE group (mean = 31.9 weeks, standard deviation = 3.9) compared to our control group (mean = 38.7 weeks, standard deviation = 0.8), this needs to be considered as a possible bias in our analyses. However, among the genes discussed in this manuscript (Table 2) only SULT2B1, IL6STm, and SRPRB have been shown to differ between term and mid gestation previously (Winn et al. 2007 ). Other factors that might influence gene expression are the presence of labor prior to cesarean section, parity, and infant sex. However, in our study cesarean section were carried out in the absence of labor and we do not find any significant difference (Table 1) between the case and control group, neither regarding sex of the infants nor the fraction of primiparous.
A factor that might influence the number of significant PCCs is higher in the controls compared to the cases might be somewhat related to the larger sample size (58 controls compared to 37 cases). By repeating a resampling of a random set of controls (N = 37) 100 times, calculating PCCs and assessing the significance of the edges, we still found significantly higher number [Wilcoxon (Mann-Whitney) signed rank test p value ( 0.05] of significant PCCs in controls (mean = 41.5, standard deviation = 15.2). The lower number of genes that are upregulated compared to downregulated in the PE cases (Supplemental Table S1 ) might also influence the difference in number of significant PCCs between the two groups.
The problem with non-independent or circular analyses has gained a lot of interest lately (Kriegeskorte et al. 2009 (Kriegeskorte et al. , 2010 . We should point out that the transcripts used for the partial correlation analyses were not independently selected. Due to the overfitting problem and restrictions in computer capacity, it is not possible to perform partial correlation analyses on the complete dataset including 26,504 transcripts. Consequently, we have chosen to analyze 222 transcripts, representing the ones that were differentially expressed (FDR p value B 0.05) between the case and control group. The selection process of which subset of transcripts to analyze will influence the results dramatically. If a low threshold is used for this selection process, also the number of false positives might be elevated. However, using a stringent threshold for which transcripts included in the analyses with many true partial correlations that play an important role in the development of a disease might be ignored.
In summary, using partial correlation networks we have identified partial correlations that are present in non-PE decidual tissue, but absent in PE cases. To our knowledge, this is a novel approach to identify possible disease-related mechanisms in human disease. Our findings suggest that beyond the transcription levels of different genes, the pattern of observed gene-gene partial correlations representing the interaction or co-regulation of genes may also be important in the development of disease. However, to determine if the partial correlations seen are due to causal alterations in gene-gene interactions or co-regulation will require further prospective and functional studies of these genes and gene products.
